mm Hg) but increased much less by the efferent end (irE) in NSN (to 29+-1 mm Hg) than in controls (33+1, P < 0.025). Hence, equality between AP and Portions of these studies were presented at the 66th national meeting
A B S T R A C T Pressures and flows were measured in surface glomerular capillaries, efferent arterioles, and proximal tubules of 22 Wistar rats in the early autologous phase of nephrotoxic serum nephritis (NSN) . Linear deposits of rabbit and rat IgG and C3 component of complement were demonstrated in glomerular capillary walls by immunofluorescence microscopy. Light microscopy revealed diffuse proliferative glomerulonephritis, and proteinuria was present. Although whole kidney and single nephron glomerular filtration rate (GFR) in NSN (0.8+0. 04 [SE] ml/min and 274+2 nl/min, respectively) remained unchanged from values in 16 weight-matched normal hydropenic control rats (0.8+0.08 and 28+2), important alterations in glomerular dynamics were noted. Mean transcapillary hydraulic pressure difference (AP) averaged 41+1 mm Hg in NSN versus 32+1 in controls (P < 0.005). Oncotic pressures at the afferent (7rA) end of the glomerular capillary were similar in both groups (-16 mm Hg) but increased much less by the efferent end (irE) in NSN (to 29+-1 mm Hg) than in controls (33+1, P < 0.025). Hence, equality between AP and Portions of these studies were presented at the 66th national meeting of the American Society for Clinical Investigation, Atlantic City, N. J., 5 May 1974, and published in abstract form: J. Clin. Invest. 53: 5a, 1974.
Dr. Maddox is a postdoctoral research fellow of the INTRODUCTION Despite impressive advances in the understanding of the immunologic and morphologic aspects of glomerulonephritis, relatively little is known of the forces governing glomerular ultrafiltration in this disorder. This shortcoming is due in large part to the fact that glomeruli are rarely encountered as surface structures in the mammalian kidney and are therefore inaccessible to direct study in vivo. This restriction has been overcome, however, in that a unique strain of Wistar rats with surface glomeruli has recently been discovered, allowing direct assessment of the determinants of ultrafiltration (1) (2) (3) (4) (5) . Accordingly, the present study was undertaken in an effort to examine, by using previously described micropuncture techniques (1) (2) (3) (4) (5) (6) , the 
METHODS
Induction of experimental glomerulonephritis. A nearly pure suspension of glomeruli was prepared from frozen rat kidneys (Pel-Freez Biologicals, Inc., Rogers, Ark.) by a method modified from Spiro (7) . After sonication glomerular basement membranes (GBM) were separated from cellular debris by washing and repeated centrifugation and were then lyophylized. Approximately 0.5 mg (dry weight) of the resultant GBM, mixed with incomplete Freund's adjuvant, was injected once each week for a period of 6 wk into each of six adult male New Zealand white rabbits. Rabbits were then repeatedly bled and given further booster injections over a several week period. Harvested sera were tested qualitatively for anti-GBM antibody potency by intravenous injection of 1-ml aliquots into adult Wistar rats; those sera causing immediate proteinuria were pooled. The antisera were inactivated at 560C for 30 min before use. Immune rabbit gamma globulin (IgG) was separated from an aliquot of the pool by precipitation with 50% saturated ammonium sulfate and chromatographed on DEAE-cellulose. The kidney fixing antibody content (KFAb) of this IgG was assayed by using a paired label technique (8) ; similarly isolated normal rabbit IgG served as control. The average IgG concentration of the pooled rabbit sera was 9.5 mg/ml; the KFAb content of this IgG was found to be 1.7%. By indirect immunofluorescence microscopy, this antiserum produced 4+ linear deposits on both glomerular and tubular basement membranes of frozen sections of normal rat kidneys, up to a dilution of 1:400. No staining of tubule epithelial cell cytoplasm occurred.
Preliminary experiments showed that 33-35 days after intravenous injection of 0.5-1.0 ml of antiserum into MunichWistar rats, kidneys were found to be pale and swollen with scattered collapsed tubules, and to have glomeruli that were so edematous and bloodless that micropuncture of capillaries was not possible. Accordingly, the dose of antiserum was reduced to one-fourth of that which regularly produced immediate proteinuria. After control 24-h urine collections for protein determination, adult Munich-Wistar rats weighing 107-300 g were preimmunized by footpad injection with 0.5-1 mg of partially aggregated rabbit IgG in complete Freund's adjuvant. 48 h later a small dose of rabbit anti-rat GBM antiserum (41 ,ug of KFAb in 0.25 ml) was injected into the tail vein and a 24-h urine collection was begun. Subsequently 24-h urine collections were usually collected on day 3 or 4 and at various times thereafter. 5-16 days after injection of nephrotoxic serum the determinants of glomerular ultrafiltration were measured by appropriate micropuncture techniques.
After micropuncture measurements, a midcoronal section of each kidney was snap-frozen in isopentane in a dry iceacetone bath for subsequent examination by immunofluorescence microscopy. An adjacent section of tissue was fixed in Bouin's solution for light microscopy. In addition, 1-mm' sections of cortex from four rat kidneys were fixed in 2.5% gluteraldehyde and subsequently prepared for electron microscopy. Fluorescence antisera (Cappel Laboratories, Inc., Downington, Pa.) against rabbit IgG, rat IgG, rat C3 and rat fibrinogen were used for immunofluorescence studies. Cryostat sections of tissue (6 ,um in thickness) fixed in acetone were examined by fluorescence microscopy. Normal rat kidneys served as control. Sections (4 Mum) stained with hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) were examined by light microscopy.
Quantitative analysis of histology. An attempt was made to quantitate the extent and distribution of the proliferative response engendered by nephrotoxic serum administration. H&E-stained midcoronal plane sections, 4 Mm in thickness, were viewed under 430X magnification, and glomerular cell counts (excluding inflammatory cells) were made randomly on ten glomeruli, five deep and five superficial, by using a special grid (Scientific Products, Charlotte, N. C., M2493-8, 10 mm, interval = 100). Deep glomeruli were defined as glomeruli situated more than one-half the distance from the capsule to the corticomedullary junction. Only glomeruli exceeding seven grid squares in diameter were counted to avoid the bias introduced by counting glomeruli sectioned at some distance from the equatorial plane. The total cross-sectional area was calculated from the average of two diameters, assuming a circular shape. The number of cells per mm2 was then calculated. Ten experimental animals and two control animals were examined. Statistical evaluation of mean differences was performed by two-tail t test and variances were compared by the F statistic (9).
Clearance and micropuncture studies. Experiments were performed in 38 adult mutant Wistar rats weighing 134-314 g and allowed free access to food and water before study. Rats were anesthetized with Inactin (100 mg/kg) and prepared for micropuncture as described previously (10) (11) (12) . 60 (12, 14, 15) .
Micropipettes with outer tip diameters of 2-3 Aom and containing 2.0 M NaCl were used. Penetration of Bowman's capsule and entry into capillaries was performed under stereomicroscopic control. Hydraulic output from the servosystem was channeled via an electronic transducer (model P23Db, Statham Instruments, Inc.) to a second channel of the recorder. Accuracy, frequency response, and stability features of this servo-system have been reported previously (12) . Direct measurements of hydraulic pressure in single glomerular capillaries (PGC),1 proximal tubules (PT), efferent arterioles (PE), and second-or third-order peritubular capillaries (Pc) were recorded in each rat. In several NSN and control rats, values of PGC were not obtained because of the absence of surface glomeruli.
To obtain estimates of colloid osmotic pressure (7r) of plasma entering and leaving glomerular capillaries, protein concentrations (C) in femoral arterial and efferent arteriolar blood plasma were measured as described previously (1) (2) (3) (4) (5) (6) . C measured in femoral arterial plasma was taken as representative of C for the afferent arteriole. Colloid osmotic pressures for control rats were calculated from these measured values of C with the equation:
where 4 < C < 10 g/100 ml. This equation has been shown by us (16) to agree within 1% of the more commonly employed empirical equation derived by Landis and Pappenheimer (17) . Eq. 1 assumes an albumin/globulin (A/G) ratio of 1.0, the ratio found in normal hydropenic rats in this laboratory. To test the validity of Eq. 1 for NSN rats, A/G ratios were measured in 12 of these animals. The relationship between 7r and C for NSN rats with differing A/G ratios was then determined by using a PM-30 membrane (Amicon Corp., Lexington, Mass.) in a fast-response membrane osmometer (16) . For NSN rats with an A/G ratio of 0.8, Eq. 1 was found to be valid. In nine of the 12 rats examined, values for the A/G ratio were 0.8-1.0; hence Eq. 1 was employed. For plasma with an A/G ratio of <0.8, values of 7r were found to be lower than values calculated with Eq. 1. The best-fit relationship between 7r and C for plasma with an A/G ratio of 0.4 (the lowest A/G ratio observed in any of the NSN rats) is de- ' Values for PGC as given in the present study represent time averages. As reported previously (1), peak-to-valley amplitudes of single glomerular capillary pressure pulses average approximately 8 mm Hg and generally bracket these time-averaged values equally during systole and diastole.
The term "PGC" represents PGC averaged over the length of the glomerular capillary, the justification for which has been discussed previously (2) .
scribed by the equation:
For plasma with A/G ratios between 0.4 and 0.8, the coefficients were determined by linear interpolation of the coefficients in Eqs. 1 and 2.
These estimates of pre-and postglomerular protein concentration permit calculation of single nephron filtration fraction (SNFF) and glomerular plasma flow (GPF) (see equations below). From direct measurements of the decline in pressure along single afferent and efferent arterioles, and estimates of blood flow through these vessels, vascular resistances to blood flow through these individual vessels were calculated (see Eqs. [8] [9] [10] .
Analytical. GPF GBF =1 -HCtA (6) where HctA, the hematocrit of afferent arteriolar blood, is assumed to equal femoral arterial hematocrit.
Efferent arteriolar blood flow rate:
Resistance per single afferent arteriole:
where the factor 7.962 X 1010 is used to give resistance in .p: (2) and that the colloid osmotic pressure of fluid in Bowman's space (7rT) is negligible. This latter assumption has been validated by the finding in two NSN rats (with heavy proteinuria) that the protein concentration of fluid in Bowman's space is less than 200 mg/100 ml. Accordingly, rT is well below 1 mm Hg.
Mean glomerular transcapillary hydraulic pressure difference:
The ultrafiltration coefficient (Kf) is calculated with a differential equation which gives the rate of change of protein concentration with distance along an idealized glomerular capillary. This equation, together with its derivation and the method for its solution, is given in detail elsewhere (21) . RESULTS
General. Rats with nephrotoxic serum nephritis (NSN) appeared to be in good health throughout the period of observation (up to 16 days) and ate and drank normally. Edema formation was not detected. Grossly, the kidneys were of normal size and color. Microscopic examination of the cortical surface at the time of micropuncture revealed remarkable homogeneity of tubule and glomerular size and color. No dilated, pale, blood- Determinants of GFR in Experimental Glomerulonephritis ;.,9.
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. Fig. 1 .
By immunofluorescence microscopy there was uniform linear distribution of rabbit IgG in the capillary walls of all glomeruli examined (Fig. 2, left) . Since the rats had been preimmunized with rabbit IgG, there was also uniform linear distribution of rat IgG in all glomeruli (Fig. 2, middle) , even in the rats sacrificed as early as 6 days. The presence of rat C3 component of complement was detected in a linear distribution in all glomeruli (Fig. 2, right) . Renal tubule cells and basement membranes and nonglomerular vascular structures did not stain with any of these immunofluorescence reagents, except for scattered, interrupted linear deposits of C3 in the basement membranes of tubules, seen also in kidneys of control rats. Occasional glomeruli revealed intense segmental deposits of fibrin.
Quantitative analysis of histology. The results of the quantitative analysis of the proliferative response is shown in Table I . The mean cross-sectional area of glomeruli in NSN rats was slightly but significantly greater than in controls (P ' 0.002), but no difference was noted between superficial and deep glomeruli (P > 0.2). Glomerular cell counts per mm2 were increased significantly above normal in nephritic glonieruli (P <' 0.001); again there was no difference between superficial and deep glomeruli (P > 0.1). Most importantly, the variance of the cell counts was no different between superficial and deep glomeruli (P>0.5) nor between NSN rats and controls (P>0.5), indicating that the proliferative lesions were relatively uniform among the constituent glomeruli.
Electron microscopy. Electron micrographs of sections from two rats revealed nearly identical patterns. The glomerular basement membrane appeared normal in most capillary loops (Fig. 3b) . There was proliferation of cellular elements, most notably of the mesangium. In some areas, glomerular capillary loops were nearly or completely obliterated, and capillary walls were thickened and distorted by interposition of proliferating mesangial cells and matrix (Fig. 3a) and circulating leukocytes (Fig. 3b) . In other areas, capillary walls were uninvolved or only thickened focally. Endothelial cells appeared normal, although in focal areas the endothelium was absent and replaced by polymorphonuclear leukocytes (Fig. 3) . Epithelial cells Measurements of protein concentration in preglomerular (CA) and efferent arteriolar (CE) plasma in control rats (Table III) yielded values typical of those usually found for normal hydropenic conditions (1-3, 5, 22) . Although normal values of CA were observed in NSN rats, on average CE was significantly less than in controls (Table IV) . 7rA and 7rE calculated from these values of CA and CE are also shown in Tables III  and IV.4 As given in Eqs. 11 and 12, the measurements in the present study allow determination of the magnitude of the glomerular transcapillary pressure difference favoring ultrafiltration at afferent (PUFA) and efferent (PUFE) ends of the capillary network in each rat. In Fig. 4 (right) and averaged 0.026±0.005 nl/(s-mm Hg).5
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The equations used to compute Kf in this study (21) assume a pressure drop of zero from afferent to efferent ends Control values in Fig. 4 (left) were taken from a previous study from our laboratory (4) (4, 21) . Hence the value of PUF in control rats of 5.6 mm Hg represents the maximum value consistent with experimental observations. Any lower value for PUF (corresponding to achieving filtration equilibrium at a more afferent point along the capillary) will only serve to accentuate the differences in Kf between control and NSN groups. DISCUSSION The method of induction of glomerulonephritis in the present study resulted in a remarkably uniform glomerular lesion. The dose of nephrotoxic serum was insufficient to produce immediate proteinuria (heterologous phase) (23) , but in the presence of an optimized antibody response to rabbit IgG, accomplished by preimmunization, an autologous phase developed in all rats studied (23) . This was confirmed by the finding of rat IgG and C3 component of complement in all glomeruli examined by immunofluorescence microscopy. Despite the morphologic evidence of widespread glomerular injury, rats developed few of the features that characterize human acute glomerulonephritis. Other than mild to moderate proteinuria and variable hypoalbuminemia, we found no evidence of arterial hypertension, edema, sodium retention, hematuria, or cylindruria. Moreover, at the time of micropuncture, the kidneys appealed normal, and glomerular filtration rates (single nephron and whole kidney) and glomerular plasma flow rates were not different, on average, from values in control rats.
Although glomerular filtration rates were normal, marked alterations in the glomerular driving forces were observed. Despite no difference in mean systemic arterial blood pressure between groups, mean glomerular capillary hydraulic pressure was significantly higher in NSN rats than in control rats, whereas proximal tubule hydraulic pressures were the same. Therefore, AP, the mean transcapillary hydraulic pressure difference, was significantly greater in NSN rats, averaging 41 mm Hg compared to 32 for 7rA, the oncotic pressure of plasma at the afferent end of the glomerular capillary network, were also the same. As shown in the left-hand panel of Fig. 5 The glomerular lesion induced in the present study resulted in a reduction in Kf to roughly one-third of normal. Kf is the product of the effective hydraulic permeability of the capillary wall and the total capillary surface area per glomerulus. It is very likely that the fall in Kf observed in NSN rats is at least partly the result of the often marked reduction in the number of patent capillaries in each glomerulus, i.e., a reduction in surface area available for ultrafiltration. This was readily evident by both light and electron microscopy, which revealed that in some areas capillary loops were nearly or completely obliterated, and capillary walls were thickened and distorted by interposition of proliferating mesangial cells and circulating leukocytes. Whether effective hydraulic permeability was also decreased cannot be ascertained from morphologic appearances, so that the quantitative contribution of this parameter to the measured decline in K1 cannot yet be determined. The present study of experimental glomerulonephritis in the rat is unique in two respects. First, direct measurements of glomerular transcapillary hydraulic and oncotic pressures were made. Second, the lesion produced in the present study was remarkably homogeneous from nephron to nephron, both morphologically and functionally. It is this homogeneity that validates inferences regarding the functional behavior of a R--~U (4, 21) . Input quantities consisted of average values of AP, 7rA, GPF, and Kf for control and NSN rats. The latter, for control rats, was taken from findings reported previously (4 (27, 28) . Nevertheless, in accord with the results of the present study, the findings by Allison et al. (25) (24) . For this reason, future studies should rely on direct methods, such as were employed in the present study, to determine whether PGC indeed remains elevated in chronic stages of experimental glomerulonephritis.
